Abstract-This paper deals with the robust control problem of a pneumatic actuator subjected to parameters uncertainties and load disturbances. The control strategies are based on second order sliding mode approaches. Implementation results of the proposed sliding mode control schemes on an experimental set-up are given to illustrate the developments. 
I. INTRODUCTION
Until several years, pneumatic actuators were mainly used for two-end position control. However, viewed that the pneumatic actuators have several advantages versus for example electrical or hydraulic ones because they are cheap, lightweight, clean, and they present a good forcelweight ratio, many works and developements showed that this kind of actuators can also be used in a position control context, by using specific servodisbibutor [9] , [29] , [lo] , [U] , [HI, [20] , [26] . As the necessary technology is avalaible for the positioning control of pneumatic actuators, the exciting challenge is now to develop new control laws able to get high static and dynamic precision in presence of undesirable characteristics. They are due to the high compressibility of air, the high other nonlinearities of these systems (in particular frictions), and the variation of environment as load disturbance. Due to these latter facts, several works have proposed linear and nonlinear controllers in order to get high performances behaviour. In [7] , a comparison between two positionning linear control laws (a fixed gains control law and a control law with scheduling gains) of an elcctropneumatic disymmetrical cylinder is made in point to point displacement S. Laghrouche 
MODEL OF THE PNEUMATIC SYSTEM AND CONTROL

PROBLEM STATEMENT
A. Description of the experimental set-up The electropneumatic system under interest is a double acting actuator ( denoted P (as positive) and N (as negative). The air mass flow rates entering the two chambers are modulated by two three-way servodistributors controlled by a micro-controller with two electrical inputs of opposite signs. The pneumatic jack horizontally moves a load carriage of mass M, has a stroke of 500 mm and is very unsymmetrical since it has an internal diameter of 32 mm with a simple rod of 20 mm diameter. The position sensor of the load cariage is a potentiometer. Velocity is obtained by analog derivation from the position signal and a numerical derivation of the velocity signal gives the acceleration information used by the control law. Two pressure sensors are also implemented in each chamber and used for incremented the quality of control in term of accuracy and robustness. 
B. Model
Assumptions 1241, 1191 used to obtain a model of the pneumatic part of the electropneumatic system are:
. The supply and exhaust pressures are constant, The air is a perfect gas and its kinetic energy is negligible in both chambers, The pressure and the temperature are homogeneous in each chamber, The thermodynamic evolution of the air in the cylinder chambers is polytropic and cbaracterized by a coefficient IC, The temperature variations in each chamber are negligible with regards to the mean temperature T, There is no mass flow leakage between the two cylinder chambers and outside the actuator, The dynamics of the servo-distributor are neglected.
. The two three-way servodistributors are the same and their electrical variable inputs are of inverse signs.
Then, a nonlinear dynamic model of the electropneumatic system reads as:
with y the load carriage position, v its velocity and p p and p~ the pressures of P and N chambers. The model of mass flow rate delivered by each servodistributor can be reduced to a static function described by two relationships qm(u, pp) and q,,,(-U,pN). The two first equations of (I) concern the pneumatic part of the system and are obtained from the state equation of perfect gases, the mass conservation law and the polytropic law under the assumptions given above. Q m ( U , P P )
Qm(-%pN) = ( P @ N ) -d(PN,%'n(--2L)) . U
C. Uncertainties
Two kinds of uncertainties are taken into account: uncertainties due to the identification of physical parameters, and variations of environment (see Table I ). The knowledge of
TABLE I
UNCERTAINTIES OR VARIATIONS OF SYSTEM PARAMETERS the viscous friction coefficient has been identified and the variation of this coefficient around the nominal value bas been experimentally evaluated at *20%. The dry friction coefficient is more difficult to identify: the track surface quality (thus the piston position), the seal wear, the working conditions (temperature, pressure, quality of air) inRuence the dry friction values. By some experimental tests, dry friction variation around the nominal value is evaluated to 3~90%. Futhermore, the dry friction variations are supposed to be not instantaneous: the dry friction dynamics are then bounded. The mass flow rate delivered by each servodishibutor has been approximated by polynomial functions (2). The uncertainties on q(.) and $(.) are evaluated to f 1 5 % and f5% respectively. Finally, during the load moving, the total mass in displacement can evolve from 17 kg until 47 kg. The nominal mass is 32 kg. the variation being more and less *SO%.
D. State model with uncertainties
The 
E. Control problem statement
The aim of the control law is to respect a good accuracy in term of position tracking for a desired trajectory defined by a fifth order time polynomial function (Figure 2) . The amplitude of displacement is equal to 50% of the total stroke around the central position and the maximum desired velocity equals 0.60 d s . 
R4 I,o <
A SECOND ORDER SLlDING MODE CONTROLLER
It is well known that the standard sliding mode features are high accuracy and robustness with respect to various internal and external disturbances. The basic idea is to force the state via discontinuous feedback to move on a prescribed manifold called the sliding manifold S ' = {z E X I s(z,t) = 0) with X c Rn so that s(z,t) ). In the case of the rth order sliding mode, the idea is to keep the following set of constraint conditions s(z,t) = s(z,t) = ' . ' = s('-')(x,t) =
~(~-' ) ( z , t )
= 0, where r E IN. In this configuration, the control U acts directly on S (~) ( X , t ) but the total time derivatives x,t),s(r-z)(z,t),'.. ,s(z,t),s(z, t) are regular continuous functions defined on the state space.
A. Second order sliding mode
Without loss of generality, consider a single-input nonlinear system sliding variable s ( x , t ) , its "second order sliding manifold" is defined as
Definition 2: Consider the not-empty second order sliding set (7), and assume that it is locally an integral set in the Filippov sense, i.e. it consists of Filippov's trajectories of the discontinuous dynamics system [l 11. The corresponding behavior of system ( 5 ) satisfying (7) is called "second order sliding mode" with respect to the sliding variable s(z, t).
Definition 2 means that system ( 5 ) satisfies a second order sliding mode with respect to s(z, t ) if its state trajectories lie on the intersection of the two manifolds s(x, t ) = 0 and S(z, t ) = 0 in the state space. In order to state a rigorous control problem, the following conditions are assumed . HI U is bounded and discontinuous. where Cz may be unmeasurable but with a known sign. There exist several algorithms able to ensure the finite time stabilization of the system (9) towards the origin [l], [12], [IS] . Among them, the so-called "Twisting algorithm" is based on an adequate commutation of the control between two different values so that the trajectories in the phase plan of (9) execute an infinite number of rotations while converging in finite time to the origin. This algorithm is defined by the following control law 
Finally, a sliding mode occurs on S leading to desired tracking property for the position.
Iv. IMPLEMENTATION RESULTS OF THE SECOND ORDER SLIDING MODE CONTROLLER
The control law is implemented using a dSpace DSI 104 controller board with a dedicated digital signal processor with a 4 ms sample time. Two is better than with classical nonlinear control [SI': this error represents less than 1% ofthe total displacement magnitude. In steady state, the position error is about 86 pm, which is better than with classical linear control law (PI) [13] . In this case, the sensor Figure experimentation, the total load mass is decreased until 17 kg. The presented results are obtained without changing the control gains value. The robust control characteristics of this controller versus the load mass variation can be observed in Figure 6 . The maximum position tracking error is about 1.81 mm. In steady state, the position error is about 92 pm. The required performances are achieved. 
V. CONCLUSION
The paper has proposed a second order sliding mode controller for an electropneumatic actuator. The controller based on the twisting algorithm has been tuned so that its convergence is ensured in spite of parameters uncertainties and perturbation. Experimental results show that the trajectory tracking is done with a very good accuracy. The results have been compared to previous ones and appear more precise and robust versus uncertainties and load variations.
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